Many processes taking place in atmospheric aerosol particles are accompanied by changes in the particles' morphology (size and shape), with potentially significant impact on weather and climate. However, the characterization of dynamic information on particle morphology and position over multiple time scales from microseconds to days under atmospherically relevant conditions has proven very challenging. Here we introduce holographic imaging of unsupported aerosol particles in air that are spatially confined by optical traps. Optical trapping in air allows contact-free observation of aerosol particles under relevant conditions and provides access to extended observation times, while the digital in-line holographic microscope provides six-dimensional spatial maps of particle positions and orientations with maximum spatial resolution in the sub-micron range and a temporal resolution of 240 μs. We demonstrate the broad applicability of our approach for a few examples and discuss its prospects for future aerosol studies, including the study of complex, multi-step phase transitions.
A erosol particles undergo many processes that are of great interest for both fundamental and applied research areas. A nonexhaustive list includes optical forces 1,2 , thermophoresis 3 , optical binding [4] [5] [6] , formation of cloud droplets 7 , phase transitions [8] [9] [10] , coagulation 11 , evaporation 12 , photochemistry 13, 14 , reactions with gases or radicals 13 , ice nucleation 15 , condensation of molecules on particle surfaces 16 , and scattering and absorption of light [17] [18] [19] . Submicron-sized (both in radius and diameter 20 ) and non-spherical aerosol particles are of particular interest because of their specific properties. Photochemical reactions and evaporation are faster in submicron-sized than in micron-sized particles 21, 22 . Submicron particles have long residence times and high concentrations in the atmosphere, and are thus crucial for atmospheric processes 20, 23, 24 . Nonspherical particles, such as desert dust, volcanic ash, soot, and ice particles, act as catalyzers of photochemical reactions 13, 14, 25 , cloud condensation nuclei 7 , and ice nucleation centers 15 . They also promote alternative pathways of new particle formation 14 . Due to their high loads in the atmosphere, scattering and absorption of sunlight of these particles also impact the Earth's radiative forcing 26, 27 .
In this context, size and shape of particles are key properties. Despite their importance, however, their influence on many processes remains poorly understood. Very few experiments are able to record the temporal evolution of particle size and shape in situ in real time. Usual light-scattering or -absorption measurements cannot independently retrieve size and shape without some prior knowledge of these quantities. The issue with conventional light microscopy, such as bright field and dark field methods 28 , is their fixed imaging plane. This makes the study of particle dynamics virtually impossible because aerosol particles are very mobile even if they are confined in optical traps. As another limiting factor, these methods only provide twodimensional (2D) images of the particle morphology. Truly three-dimensional (3D) morphologies can be retrieved by imaging particles from different angles, for example, with Fourier ptychography 29, 30 or optical diffraction tomography 31 , or by scanning the whole particle volume using confocal imaging 32 . However, these methods suffer from reduced temporal resolution in the range of milliseconds or seconds because several measurements are required to acquire the whole 3D information. Common to these methods is that they image the incident and the scattered light with an objective onto a camera.
An alternative approach is digital holography (DH), which directly records the interference pattern of incident and scattered light with a camera without any lens or objective. To retrieve an image, the recorded interference pattern, referred to as hologram, is numerically reconstructed using a Kirchhoff-Helmholtz or Fourier transform 33, 34 . The 3D morphology [35] [36] [37] and the 3D position 38 of an object is obtained from reconstructions at different image planes. DH is very well suited to image fast moving objects, such as aerosol particles, because the imaged particles only need to be quasi-immobile during the exposure time of each hologram, which typically is several 10 ns for pulsed lasers 34 and about 10 μs for continuous lasers 39 . Even though this has so far only been demonstrated for objects suspended in liquids 40, 41 , DH can also provide movies of the 6D spatial motion of non-spherical objects suspended in air (3D for the position and 3D for the orientation). To date, most of the holographic imaging setups have been used to study objects (such as cells or particles) deposited on a substrate 42, 43 or suspended in liquids 35, 39, 41, [44] [45] [46] . Corresponding investigations of aerosol particles suspended in air are less common and usually limited to particles of several microns in size 34, 38, [47] [48] [49] , likely because aerosol particles are more difficult to image. Central issues with aerosol holography are the fast particle motion in air because of the low damping and the reduced spatial image resolution because of the low refractive index of air.
Here, we report a new holographic setup for the fast imaging of the morphology and the 6D motion of submicron-sized aerosol particles. The setup consists of a holographic microscope and an optical trap to spatially confine aerosol particles in air over extended periods of time. The performance of the new experimental approach is demonstrated for different cases, which include the fast imaging of the morphology and the translation and rotational motion of a peanut-shaped particle, the determination of optical forces that act on a particle from imaging of the particle's trajectory, and the complex dynamics of an optically bound particle pair.
Results
Experimental setup. The experimental setup consists of a digital in-line holographic microscope combined with a counterpropagating optical tweezer (CPT; 532 nm diode laser) 22, 50, 51 for spatial confinement of a single particle or multiple aerosol particles in air (see Methods). Briefly, a digital in-line hologram is the interference pattern of the laser light that illuminates a particle with the light scattered by the particle, which is recorded by a digital camera positioned in the forward direction of the incident laser light 33, 34 . An image of the particle is obtained from the hologram by reconstruction using a Kirchhoff-Helmholtz transform 33 (see Methods). The origin of the coordinate system corresponds to the focus of the holography laser beam (406 nm diode laser). The X-axis is defined by the propagation direction of the holography laser, while the Z-axis coincides approximately with the optical axis of the CPT (see Methods). Our short wavelength (406 nm), narrow bandwidth (~0.1 nm) diode laser results in a high longitudinal (X) and lateral (YZ) resolution of 2.95 and 0.77 μm, respectively, as calculated from the formulae presented in 33 . The high frame rate of the digital camera (max. 4200 per s) allows holographic video microscopy with a time resolutions of 240 μs.
Imaging particle shape and size. Figure 1 and Table 1 demonstrate that the new holographic microscope is capable of providing real-space size and shape of suspended aerosol particles with dimensions in the submicron range. Shown are temporal snapshots of reconstructed holograms for two different types of polystyrene latex particles (PSLs) that are spatially confined by a CPT: a PSL sphere of 450 nm radius in Fig. 1a and a peanutshaped PSL particle with half-axes of~0.9 × 0.9 × 1.35 μm 3 in Fig. 1b . The reconstructed images clearly reproduce the original particle shapes and nicely show the two partially merged spheres that form the peanut-shaped particle. Background correction and reconstruction of the recorded two-dimensional holograms are explained in Supplementary Figure 1 for the two different particle shapes.
Holographic imaging also provides the means of determining characteristic dimensions of individual particles of different morphology. Table 1 summarizes the retrieved radii for PSL spheres of 450 and 800 nm radius, respectively, and the lengths of the half-axes for the peanut-shaped particles. All data agree well with the corresponding supplier data within indicated uncertainties. Furthermore, the data show that the new digital in-line holographic microscope allows one to determine typical particle dimensions with an uncertainty of ±12% reaching far into the submicron range.
Imaging rotation and translation of non-spherical particles. Our holographic imaging setup is not limited to taking single snapshots of shape and size of aerosol particles with submicron dimensions. Its major strength lies in its capability to capture the full six-dimensional motion-three dimensions for translation and three dimensions for rotation-of non-spherical particles with high time resolution. Direct access to time-dependent information about morphology, particle size, and 6D trajectories of suspended aerosol particles opens up the possibility to investigate a multitude of processes in this important size range under atmospherically relevant conditions. This is exemplified in Fig. 2 for the rotational and translational motion of a peanut-shaped particle that is spatially confined in an offset CPT (Supplementary Figure 2) . Fig. 2a shows a few snapshots of the particle motion in the reconstruction plane (parallel to YZ-plane) with low time resolution, while Fig. 2b shows the reconstructed rotational motion in the moving frame for better visualization of the rotational motion. Corresponding videos with high time resolution (240 μs) are provided in Supplementary Movie 1 and Supplementary Movie 2, respectively. At t = 0 ms, the peanut-shaped particle is positioned closer to the focus F 2 of the second tweezer (Supplementary Figure 2) and its long axis is largely aligned along the Z-axis (optical axis of the CPT). Over time, the particle translates along the Z-direction while rotating around the Y-axis. At t = 45 ms, the particle is approximately in the middle of the foci of the two tweezers and aligned along the X-axis. Between t = 45 and 77 ms, the particle's rotation around the Y-axis continues while it moves closer to the focus F 1 of the first tweezer.
An offset CPT (Supplementary Figure 2) is required to induce translational and rotational motion. The offset of the foci of the two tweezers in Z-direction by several ten micrometer allows the particle to translate in this direction by about~40 µm, while still being spatially confined in the trap. The slight offsets of the two tweezers in the XY-plane of a few micrometers induce the rotational motion. With no XY-shift of the beams, the peanutshaped particle would align along the Z-axis (trapping beam axis), as found for simulations of ellipsoidal dielectric particles in a single-beam tweezer 52 . We can qualitatively reproduce the motion in Fig. 2 by finite-difference time-domain (FDTD) simulations of optical forces and torques for the peanut-shaped particle in the offset CPT (see Methods and Supplementary Figure 3 ) 53, 54 . Typical values of calculated torques around the Yaxis are indicated in Supplementary Figure 3 for different times. The calculated torques are in qualitative agreement with the experimentally observed rotational velocity in Supplementary Movie 2. The torque and the rotational velocity are decreasing from t = 0 to 45 ms, when the long axis of the particle is aligned along the X-axis. After the particle has passed this minimum in the torque and the velocity, both increase again and the particle continues rotating in the same direction. Likewise, the calculated optical forces in Z-direction in Supplementary Figure 3 explain the translation of the peanut-shaped particle along the Zdirection observed in the experiment (Supplementary Movie 1). The translational motion also reveals that not all details of the experiment can be reproduced by the idealized simulations. While both the observed acceleration and the calculated forces in Z-direction continuously decrease in value in the time window from 0 to 45 ms, their quantitative behavior does no longer agree Comparison of the particle size determined from holographic imaging with supplier data for PSL spheres and peanut-shaped PSL particles. The indicated size corresponds to the radius for the spherical particles and to the half-axes for the peanut-shaped particle. The indicated uncertainties reflect size variations for an ensemble of particles of the same type (~3-4 particles) and uncertainties due to the size retrieval for each individual image b a Fig. 1 Reconstructed images from measured holograms of a spherical and peanut-shaped particle. a Image of a spherical PSL particle with a radius of a 450 nm. b Image of a peanut-shaped PSL particle with half-axes of~0.9 × 0.9 × 1.35 μm. The scale bars for a, b represent 1 and 2 μm, respectively. The color code indicates the intensity of the reconstructed image of the particle. The particles are represented by red and yellow colors, while the surrounding air is shown in dark blue color. There is a light blue halo of very low intensity at a distance of~1-2 μm from the peanut-shaped particle, which arises from an artifact in the holographic reconstruction at later times. A likely reason for such differences are imperfections in the experimental CPT, which are not reproduced by the idealized offset CPT used for the calculations (Supplementary Figure 2 ).
External forces from particle trajectories. Figure 3 shows the 3D translational motion of an 800 nm PSL sphere that traverses the CPT (Fig. 3a) . In the region of the CPT, the particle's motion is governed by the external optical forces, which can be quantified from time-dependent holographic imaging of the particle's trajectory. The CPT is positioned so that the foci F 1 and F 2 of the two trapping beams do not coincide, but are separated by several ten micrometers along the Z-direction (Fig. 3a) . The origin of the coordinate system corresponds to the focus of the holography laser beam. The center-of-mass motion of the particle (Fig. 3b) and the particle's velocity and acceleration ( Supplementary Figure 4) are retrieved from time-resolved holographic images recorded with a time resolution of 240 μs (see Methods). The particle approaches the optical trap with a constant velocity in the XY-plane and zero velocity in Z-direction (Fig. 3a, b and Supplementary Figure 4a ). The constant velocity in the XY-plane was created by a constant nitrogen gas stream. At time t~75 ms, the particle starts to interact with the optical trap. In the trap, the optical forces first accelerate (t~90-100 ms) and then decelerate (t~100-110 ms) the particle in Z-direction before it escapes the trap again with constant velocity in the XY-plane and zero velocity in Z-direction due to the nitrogen gas stream (Fig. 3a, b and Supplementary Figure 4) . The movie of the particle's motion provided in Supplementary Movie 3 shows that not only the center-of-mass motion but also the particle's morphology (sphere) is retrieved in the movie. Figure 3c shows the retrieved optical forces as the particle traverses the optical trap (see Methods). The particle's motion along Z-direction is mainly governed by the optical scattering forces of the two counter-propagating laser beams and the viscous drag force. The particle's motion is overdamped, that is, the optical force and the viscous drag force are very similar. The scattering force of each beam acts in the propagation direction of the respective laser beam and the particle is thus pushed in the direction of the total scattering force of the two counterpropagating beams. Since the particle enters the trap closer to the focus of laser beam 1, the scattering force of beam 1 initially dominates and accelerates the particle towards the center of the trap. The further the particle gets to the trap center, the smaller the total scattering force becomes because the influence of the scattering force of beam 2 increases continuously. From t~100 ms on, the particle is thus decelerated in Z-direction, and escapes from the trap approximately in the trap center, that is, at t~110 ms when the total scattering force and thus the velocity in Zdirection is approximately zero. The particle's velocity in the XYplane stays almost uniform during the whole process because it is dominated by the influence of the nitrogen gas stream. The optical gradient forces in the XY-plane with a maximum of~250 fN are weak because the particle is comparatively far away from the two laser foci. They are about a factor of 10 weaker compared with the scattering force in Z-direction (max.~2670 fN). Nevertheless, Fig. 3c shows that even these small gradient forces can be quantified resulting in a 3D map of the optical forces. We determine a detection limit for the optical forces of ±80 fN corresponding to twice the noise level (~40 fN, Fig. 3c ). This example demonstrates how holographic imaging can be exploited to extract temporal 3D maps of external forces acting on a submicron particle.
Dynamics of optically bound particles. The phenomenon of optical binding between different particles in electromagnetic fields is an intriguing manifestation of optical forces 55 . Optical binding forces arise from the modification of the incident electromagnetic fields by the presence of multiple simultaneously illuminated particles, which can manifest itself in the formation of particle assemblies with extended regular spatial structures and complex dynamical behavior characterized by correlated particle motions. Even though optical binding has attracted increasing attention since its first experimental observation 4 , it is still not well understood 4 binding of submicron particles in air, for which experimental data are still missing to the best of our knowledge. Figure 4 exemplifies that fast holographic imaging with high spatial resolution provides the missing experimental tool to access the unexplored area of optical binding of submicron particles. The snapshots provide a glimpse of the complex dynamics of two optically bound 450 nm PSL spheres in an imperfect CPT trap with lateral offsets. All snapshots were reconstructed at the same reconstruction distance with the distance of the particles to the reconstruction plane indicated by the color code: dark red particles are in the reconstruction plane and white particles are behind or in front of the reconstruction plane. The relative motion of the two spheres is characterized by irregular oscillations of their distance combined with an irregular pendular motion, which is roughly orthogonal to the reconstruction plane. The relative distance varies between~9 and 18 μm, while the outof-plane motion is <~2 μm. The typical timescale of this relative motion is in the range of a few milliseconds. Furthermore, the particle pair translates as a whole by several micrometers in Zdirection over longer times (120 ms) (Supplementary Figure 5) . This correlated motion of the particle pair is observed over a total time of 300 ms. This example shows how holographic imaging opens up the possibility to study the dynamics of optical binding of submicron objects in air in great detail providing the experimental basis for a better understanding of this phenomenon. Access to dynamical 6D (translation and rotation) information for non-spherical particles is a prerequisite for unraveling the influence of optical binding on the rotational motion of particles.
Discussion
The digital in-line holographic microscope combined with optical traps provides high time (240 μs) and spatial (770 nm) resolution imaging of unsupported, submicron aerosol particles. This opens up new avenues for the study of diverse processes involving aerosol particles under atmospherically relevant condition over extended periods of time. The potential of the new experimental approach to provide unprecedented detailed dynamic information has been demonstrated for various examples ranging from the imaging of the rotational and translational motions of nonspherical, submicron particles to the dynamics of optically bound particles. The comparison with numerical simulations promises new insight into complex phenomena, such as the coupling of rotational and translational motion in optical traps or the dynamics of optically bound particles. Promising applications in atmospheric sciences include the investigation of the dynamics of phase transitions (freezing 8, 10 , efflorescence, and deliquescence 9,64 ) in small aerosol particles which is still not well understood. It has recently become evident that phase transitions in particles are much more complex than previously anticipated and that these processes can happen through multiple, yet unknown pathways 50, [65] [66] [67] [68] . We anticipate that the direct imaging of fast temporal changes in the morphology of particles with the new holographic microscope will prove invaluable for understanding these "non-classical" nucleation phenomena 69 . This is but an example for the broad applicability of this new experimental tool to many topics in both applied and fundamental particle research.
Methods
Experimental setup. Figure 5 shows a sketch of the experimental setup of the holographic microscope for imaging optically trapped aerosol particles. To trap particles, we use counter-propagating tweezers 22, 50, 51 built from a continuous laser beam (Laser Quantum, OPUS 3 532 nm, typical power: 500 mW). Such dual beam optical traps allow the trapping of submicron and non-spherical particles with comparatively simple optical layouts. The 532 nm continuous laser beam is expanded by a factor of four using a telescope composed of two lenses. A half-wave plate (λ/2) and polarization beamsplitter cube are combined to split the incident beam in two cross-polarized counter-propagating beams with similar power of 200 mW each (one beam has 5% more power than the other). Each laser beam is then focused into the trapping cell using an aspherical lens (focal length = 56.6 mm at 532 nm). In the current study, we used slightly offset CPTs with foci F 1 and F 2 separated by several ten micrometers. The total path length of the two CPT beams differ by a few centimeters to ensure that the trapping beams are not interfering with each other (the coherence length of the laser is 7 mm).
The holographic microscope measures the interference between the incoming holographic beam (reference beam) and the light scattered by the trapped particles with a fast camera. After background subtraction, each camera image (referred to as raw hologram) is then reconstructed using a Kirchhoff-Helmholtz transform 33 (see further below) to retrieve the position and morphology of the observed objects. As explained by Garcia-Sucerquia et al. 33 , the spatial resolution of the reconstructed images is diffraction-limited if the reference light beam has a narrow bandwidth (~0.1 nm) and is a spherical wave expanding from a point source. The narrow bandwidth light is obtained by reflecting the output of a 406 nm laser diode (MDL-EC-405 nm, continuous wave, typical power <1 mW) off an interference filter (Ondax, ASE-406, bandwidth ≈0.1 nm). The narrow bandwidth light is then coupled into a single mode (SM) fiber with an aspherical lens. The output of the SM fiber is collimated with another lens before being focused with an objective (Mitutoyo ×20, numerical aperture (NA) = 0.42, working-distance = 20 mm). After the focus, the holography beam behaves like a spherical wave expanding from a point source. The focus of the holography beam is positioned 50-300 μm in front of the trapped particles. A larger distance between laser focus and particle provides a larger field of view but a smaller zoom onto the observed particles (the particle will represent a smaller portion of the full image and hence be imaged by fewer pixels). The holograms are measured with a high-speed camera with a maximum temporal resolution of 240 μs (MotionXtra Os 7, 1920 × 1280 pixels, 9.12 μm pixels, up to 4200 full frames/s, 19 μs exposure time for all measurements). A 406 nm optical filter in front of the camera ensures that no scattered light from the trapping beam disturbs the hologram. The calculated lateral (in the YZ-plane) and depth (along X-axis) spatial resolution of the holographic microscope are 0.77 and 2.95 μm, respectively, as calculated from the formulae presented in ref 33 . Reconstruction of the holograms. An example for the analysis of the holograms is provided in Supplementary Figure 1 . First, the contrast hologram is obtained by subtracting the raw background hologram measured without particle from the raw hologram measured with particle. The contrast hologram is then reconstructed using the Octopus software (v2.0.0, 4deep, Halifax, Canada), which applies a Kirchhoff-Helmholtz transform 33 . The distance between the focus of the holography laser and the camera sensor (~21.5 mm), the wavelength of the light (406 nm), and the pixel size (9.12 μm) are input parameters for the reconstruction. No other information is required to reconstruct the images, which yield the particles position, orientation, and shape without any a priori knowledge. The proper reconstruction plane, that is, the reconstruction plane between the focus of the holography laser and the camera sensor parallel to the YZ-plane that provides a sharp image of the particle, was found by hand by systematically changing the reconstruction distance (distance between the focus of the holography laser and the reconstructed plane). Inappropriate reconstruction distances result in blurred particle images. The absolute dimensions of the reconstructed image are calculated during the inversion of the contrast hologram. No further calibration is needed for the determination of the particle's dimension.
Particle position and time derivatives of position. The particle position along the Y-direction and Z-direction are calculated from the dimensions of the image (see above). The center of each reconstructed image corresponds to Y = 0 and Z = 0. The particle position along X-direction corresponds to the reconstruction distance (see above). The first and second time derivatives of the particle position are used to calculate the particle velocity and acceleration, respectively (see Figs. 2-4 and Supplementary Figs. 3-5) .
Rotation of the peanut-shaped particle. The rotation angle γ around the Y-axis in Fig. 2 is calculated from Eq. (1):
ε R is the ratio of the long axis of the peanut-shaped particle to the diameter of one of the spheres that form the peanut-shaped particle. It is determined from reconstructed images for which the long axis is aligned along the Z-direction. ε 0 (t) is determined from each reconstructed image recorded at time t as the ratio of the maximum length of the imaged particle to the diameter of one of the spheres that form the peanut-shaped particle. γ is positive for counterclockwise rotations around Y when looking into positive Y-direction and has values 0 ≤ γ ≤ 180°. Hence, s = +1 for 0 ≤ γ ≤ 90°and s = −1 for 90°≤ γ ≤ 180°in Eq. (1). The first derivative with respect to the rotational angle is used to calculate the rotational velocity.
FDTD calculations of the optical forces and torques. We calculate the optical force F ! and torque T ! acting on a particle by integrating Maxwell's stress tensor M over the (closed) surface S of the particle 70 as
and
where E ! and H ! stand for the electric and magnetic field, respectively,
, ⊗ denotes the dyadic product, n ! stands for the unit normal vector normal to dS at position r ! on the surface S, and X ! , Y ! , and Z ! denote the Cartesian unit vectors of the laboratory frame. The <…> t symbol denotes time averaging over the duration of the particle illumination. We solve Eqs. (2)- (4) with the FDTD method 53, 54 as implemented in the FDTD Solutions package (see www.lumerical.com for FDTD Solutions, v., Lumerical Solutions, Inc). under the assumption that there is no coherence between the two beams, that is, we obtain the total optical force and torque on the particle as the sum of the forces and torques from two separate FDTD calculations, one for each beam. We note that we use the scalar approximation for describing each Gaussian beam (see www.lumerical.com for FDTD Solutions). We also note that our assumption of no coherence between the beams is well justified, since the two beams have perpendicular polarizations and a path length difference higher than the coherence length of the laser. In our simulations, we use the experimental beam parameters; we further assume that the two beam foci are 100 μm apart and the space between them defines the space in which the particle is optically trapped.
The FDTD approach is exact but also becomes computationally very demanding for the particle sizes of our experiments. Results converged to 1% for a particle with dimensions of a few microns typically require simulation boxes extending to more than ±50λ in the directions perpendicular to the propagation axis and a grid finesse significantly better than λ/100 close to the particle. The solution of the FDTD equations on grids of such size (>10 8 cells including absorbing boundary conditions) typically took about 20 h using 16 processors sharing 256 GB memory. We expect all results quoted in this work to be accurate within a few percent. We note that the significant computational expense of FDTD calculations has been a severe limiting factor on the density of the calculated points for the case under investigation in this work.
Retrieval of external optical forces. Three forces are considered: the gravitational force F ! g ¼ m Á g ! (m is the particle mass and g ! is the gravitational acceleration), the drag force F ! d calculated from Stokes's law in Eq. (5), and the optical force F ! calculated from Eq. (6). F ! g is almost negligible in the particle size range studied. The Brownian motion is not explicitly considered, but appears as noise in the particle velocity and retrieved optical forces.
In Eq. (5), η = 1.82 × 10 −5 Pa·s is the surrounding gas viscosity, R is the particle radius, v ! is the velocity of the particle relative to one of the surrounding nitrogen gas stream. To calculate v ! , the velocity of the nitrogen gas stream is subtracted from the measured particle velocity. The velocity of the nitrogen gas stream is calculated from the initial velocity of the particle (calculated by averaging the particle velocity from t = 0 to 50 ms) before it interacts with the optical trap. The optical forces F ! (Fig. 3c ) are determined from:
where a ! is the particle acceleration (see above and Supplementary Figure 4) . The fact that the retrieved optical forces in Fig. 3c are equal to zero before and after the particle interacts with the CPT confirms that the nitrogen gas stream is constant during the whole particle motion.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request.
